NITRATE runoff from agricultural fields to surface water bodies is an important environmental issue. A denitrification bed (also known as a woodchip bioreactor) is a system that can reduce the concentration of nitrate in drainage water (Bednarek et al., 2014; Schipper et al., 2010) . In a denitrification bed (hereafter referred to as bed), woodchips have been commonly used as a carbon medium, since they provide a reasonable flow capacity (Ghane et al., 2016) (Ghane et al., 2016) , nitrate removal performance (Christianson and Schipper, 2016) , and cost effectiveness (Schipper et al., 2010) . As woodchips in a bed go through decomposition, their carbon (C) quality and carbon to nitrogen (C/N) ratio starts to differ from fresh woodchips. The C quality of woodchips is important to determining the longevity and performance of beds over time. Therefore, gaining a better understanding of the effects of woodchip age on its C properties becomes important when designing and modeling these systems.
Lignin is a measure of C quality in woodchips, since it provides information about C availability for denitrification. Although C quality of old woodchips is important, only a few studies have reported their properties. A review of the literature shows that C/N ratio (Fenton et al., 2016; Feyereisen et al., 2016; Healy, et al., 2012; Moorman et al., 2010) and C quality, i.e., lignin concentration of fresh woodchips have been well documented. Feyereisen et al. (2016) also reported C quality and C/N ratio of five-month-old woodchips in laboratory column experiments at 1.5°C and 15.5°C. However, to the best of our knowledge, C quality and C/N ratio have never been reported for aged woodchips in a denitrification bed under field conditions. As C quality and C/N ratio of old woodchips are lacking, there is a need to investigate these properties to gain a better understanding of the effects of age on woodchip longevity and performance.
The limitation of this study is that we did not have the properties of the fresh original woodchips to compare them to the aged woodchips. Nonetheless, we believe that the properties of the aged woodchips still provide valuable information at a time during their lifespan. In this study, we also examined woodchip properties along the length of a bed to determine its suitability for subsequent experiments involving the enhancement of nitrate removal under cold temperatures. The woodchip properties are important for the subsequent experiments because they affect nitrate removal rate. The objectives of this study were to (1) characterize and compare the C quality and C/N ratio of old woodchips excavated along the length of a bed, and (2) ascertain any differences in particle size and C quality of the woodchips along the length of the bed to provide the foundation for subsequent experiments.
MATERIALS AND METHODS

SITE DESCRIPTION
A plastic-lined bed (106.4 m long and 1.51 to 1.84 m wide) was originally installed in November 2010 on a private farm near Willmar, Minnesota, USA. The bed had soil cover ranging from approximately 0.1 to 0.6 m. In October 2014, we retrofitted the original bed into eight smaller beds. During the retrofitting, we used a backhoe to excavate the original bed and collect woodchip samples from the entire depth at approximately equal lengths along the original bed (0, 12.5, 25.9, 39.3, 52.7, 66.1, 79.6, 93.0, and 106.4 m). These collection points correspond to the inlet and outlet of each retrofitted bed (e.g., 39.3 m is outlet of bed 3 and inlet of bed 4). Woodchip samples were kept in a cooler (at 4°C) until they were analyzed for particle size, carbon (C) and nitrogen (N) concentrations, and C quality. As we did not have woodchip samples from bed installation, we attempted to identify the woodchips during our laboratory analysis. The woodchips were visually identified as hardwood species of White Elm, Cottonwood, and Red Oak. The bottom elevation of the original bed was determined using a laser survey at approximately every 1 to 4 m along the length during installation of the original bed ( fig. 1 ). Subsurface drainage water from a farmland (72.4-ha drainage area) flowed into a sump from which it was pumped into a pipe at the inlet of the bed. Drainage water flowed into the bed from November 2010 to September 2014, except when the ground was frozen (i.e., sometime between November to March) and during dry periods of no drainage flow. Bed outflow is explained in the next paragraph. When there was excess drainage water from the farmland, above the inflow capacity of the bed, it was pumped from the sump into an adjacent wetland. From the pipe at the inlet of the bed, water diffused into the bed via a perforated plastic tubing covered with drain sock (drain envelope) that was looped downstream along the bed's bottom for about 3 m. After water flowed through the bed, it was collected at the downstream end of the bed via similar tubing as the inlet.
Bed outflow from the bed was divided into two periods of gravity outflow and pumped outflow.
From November 2010 to April 2013, there was no pump in the pipe at the outlet of the bed, so water rose to the ground level and flowed out of the bed outlet by gravity because the outlet end of the bed had a lower elevation than the inlet side. From May 2013 to September 2014, water that was collected inside the pipe at the outlet of the bed was pumped into an adjacent wetland with a sump pump.
PARTICLE SIZE ANALYSIS
In our previous study Ghane et al. (2016) , we reported a mean d50 (i.e., diameter at which 50% of particles are finer) value of the woodchips collected along the length of the bed (section site description).
In this study, we used the particle size data from the experiments conducted in January and February 2015 by Ghane et al. (2016) to determine if there is a difference between the d50 values along the length of the bed. Briefly, the air-dried woodchips were shaken for 15 min in a sieve shaker (Meinzer II) with screen sizes 25, 19, 12.5, 9.5, 8.0, 6.3, 4.75, 3.35 , and 1.18 mm. We performed five replicates for each location along the length of the bed, and we used the particle size distribution to determine the d50 of the woodchips.
CARBON AND NITROGEN MEASUREMENT
After sieving (section particle size analysis) the air-dried woodchips, we mixed the woodchips from the sieves in a tray and took a representative sample of each replicate for grinding (Wiley Mill, Standard model 3, Thomas Scientific, Swedesboro, New Jersey, USA). Following the initial grinding, the wood particles were further ground using another grinder to obtain smaller (i.e., <2 mm) and homogenous particles. In June 2015, total C and total N were measured for each ground sample based on the Dumas combustion method with an element analyzer (Elementar, vario MAX cube CN, Hanau, Germany). Since we had five replicates for sieving at each location along the length of the bed, we obtained five replicates of C and N concentrations for each location. We converted concentrations (e.g., mg-C/kg-woodchip) to percent (e.g., kg-C/kg-woodchip × 100) for ease reporting.
CARBON QUALITY MEASUREMENT
After using some of the ground woodchips to analyze for C and N concentrations for each of the five replicates, we stored the remainder of the ground woodchips in plastic bags. In March 2017, we used the remaining ground woodchips from each of the five replicates for C quality measurement. As the ground woodchips (stored in plastic bags) were air-dried, their C quality is expected to have remained unchanged since June 2015 when their C and N concentrations were measured. For each sample, Klason lignin, glucose, mannose, xylose, galactose and arabinose concentrations after acid hydrolysis were determined twice using a high-performance liquid chromatograph (Model 1525 Binary Pump, Waters
Corp.) and a prepacked carbohydrate analytical column (Model Aminex HPX-87P, Bio-Rad). The carbohydrate analytical column had a de-ashing cartridge (#125-0118, Bio-Rad) in line and a refractive index detector (Model 2414, Waters Corp.) at flow rate 0.3 mL min -1 and 80°C column temperature (Sluiter et al., 2012) .
The cellulose concentration in percent was calculated as (Sjostrom, 1993 )
The hemicellulose concentration in percent was calculated as
In Equation 2, the term "2 × ‫"݁ݏ݊݊ܽ݉‬ represents adding mannose to glucose, and since they have similar molecular weight, mannose is multiplied by two. (Sjostrom, 1993) .
The lignocellulose index (LCI) was calculated as )
STATISTICAL ANALYSIS
A one-way ANOVA was used to detect a statistical difference among the mean d50 values, C/N ratios, and LCI along the length of the bed. When ANOVA showed statistical significance, we used Tukey's studentized range test to compare between the means of d50, C/N ratios, and LCI. We confirmed the normality assumption using the normal probability plot. We checked the equal variance assumption by observing no structure in the residual plot, and the Levene's test gave no evidence that the variances are unequal. We used SAS 9.4 (SAS Institute Inc., Cary, NC) to perform these analyses.
RESULTS AND DISCUSSION WOODCHIP PARTICLE SIZE
The mean d50 values along the length of the original bed ranged from 8.0 to 9.7 mm ( fig. 2) , and the ANOVA result showed a statistical difference among those values (F-test p-value < 0.001). Comparison among the means showed that there was no evidence that the d50 values from 12.5 (i.e., outlet of bed 1) to 106.4 m (i.e., outlet of bed 8) were statistically different from each other. Therefore, the d50 values were similar from 12.5 m to 106.4 m (i.e., for beds 2 to 8).
The mean d50 value for the bed was 9.1 ± 0.46 mm with the lowest value at the 0-m location ( fig. 2 ).
The reason for the lower d50 value at 0-m location (i.e., 8.0 ± 0.52 mm) than other locations could be the greater decomposition at the 0-m location. This is because this location was exposed to more frequent drying and wetting conditions than downstream locations (for more explanation see section carbon to nitrogen ratio). The greater decomposition over time likely caused the woodchip particles to become smaller, assuming particle size along the bed was similar during installation of the original bed. Even though we reported the particle size reduction after four years, the extent of this reduction of particle size in a denitrification bed over a longer period of time is unknown. Therefore, we recommend continuing investigation of the reduction of woodchip particle size over a longer period of time because particle size is an important factor affecting water flow through denitrification beds.
A possible outcome of C depletion over time is that the woodchip C may become recalcitrant to an extent that nitrate removal in the bed becomes inefficient even though woodchip particle size is still large enough to allow sufficient water flow through the bed. Therefore, we recommend investigating whether or not the woodchip C becomes recalcitrant to the point of nitrate removal inefficiency before woodchip particle size reduction (due to decomposition) affects flow through beds.
Our mean d50 value of 9.1 ± 0.46 mm was larger than the mean d50 of 7.6 ± 0.14 mm for a denitrification bed with two-year-old woodchips in Ohio (Ghane et al., 2014) . Even though we do not have the d50 value of the original fresh woodchips, we speculate that the d50 value after four years has become smaller due to decomposition. The d50 variation of 7.6 to 9.1 mm for old woodchips has been shown to result in similar flow parameters (i.e., intrinsic permeability and ߱ constant that incorporates the non-Darcy coefficient) at the same drainable porosity (Ghane et al., 2016) . These flow parameters are important, since they determine how fast water can flow through the porous media. Therefore, in our study, even though the d50 at 0-m location (i.e., 8.0 ± 0.52 mm) was smaller than other locations along the bed, the flow parameters will be similar along the length, if their drainable porosities are similar.
In terms of hydraulic performance, design and installation (i.e., woodchip size, woodchip compaction, bed shape, bed dimension, type of distributor and collector pipes) of a bed is crucial. For our retrofitted beds, the effect of the shape and dimension of the beds on hydraulic performance needs to be investigated. Therefore, we recommend conducting tracer tests to determine if there is any difference in hydraulic performance (e.g., volumetric efficiency and effective porosity) of the retrofitted beds so that the beds can be compared to each other in subsequent experiments. Bars with the same letter are not statistiacally different at 5% confidence level.
CARBON AND NITROGEN CONCENTRATIONS Carbon concentration
The mean C concentration of the four-year-old woodchips at each location along the length of the bed ranged from 40.7% ± 1.4% (±standard deviation) (at 12.5 m) to 44.5% ± 0.3% (at 66.1 m) ( fig. 3 ).
Comparing our lower C concentration of woodchips at four years to that with higher values of 47.0% to 51.0% for hardwood, softwood and mixed species of fresh woodchips from other studies Fenton et al., 2016; Feyereisen et al., 2016; Healy et al., 2012; Moorman et al., 2010) suggests C decomposition in the four-year-old woodchips. Furthermore, Moorman et al. (2010) reported a decrease of total C concentration of woodchips from 49.4% to 43.0% in a denitrification wall after 4 years of operation, but they reported a C concentration of 48.7% after 8 years. Feyereisen et al. (2016) also found a decrease in C concentration from 50.0% to 46.4% for five-month-old woodchips (hardwood green ash) in laboratory column experiments at 1.5°C.
Nitrogen concentration
The mean N concentration of the four-year-old woodchips at each location along the length of the bed ranged from 0.28% ± 0.01% (at 52.7 m) to 0.72% ± 0.04% (at 0 m). Our N concentrations at year four were greater than that of 0.10% to 0.21% for hardwood, softwood and mixed species of fresh woodchips from other studies Fenton et al., 2016; Feyereisen et al., 2016; Healy et al., 2012; Moorman et al., 2010) . This increase in woodchip N concentration over four years could be explained by C consumption through decomposition more than N consumption, the immobilization of nitrate from drainage water by microorganisms, and/or microbial retention of wood-derived N during decomposition. Feyereisen et al (2016) also found an increase in N concentration from 0.19% to 0.33% for five-month-old woodchips in laboratory column experiments at 1.5°C.
Carbon to nitrogen ratio
The mean C/N ratio of our four-year-old woodchips ranged from 58.4 ± 3.17 (at 0-m location) to 153.4 ± 9.57 (93.0-m location) ( fig. 3 ). Our C/N ratio at year four was smaller than that of 223.8 to 496
for hardwood, softwood and mixed species of fresh woodchips from other studies Fenton et al., 2016; Feyereisen et al., 2016; Healy et al., 2012; Moorman et al., 2010) . This difference is the result of the smaller C (section carbon concentration) and greater N concentration (section nitrogen concentration) in the four-year-old woodchips than fresh woodchips reported in the literature. In addition, the C/N ratio was smallest at the inlet of the bed and it increased along the length of the bed up to 39.3 m beyond which it was relatively stable.
The ANOVA result showed a statistical difference among the mean C/N ratios along the length of the original bed (F-test p-value < 0.001). Comparison among the C/N means showed that the 0-and 12.5-m locations were statistically different from other locations. We found no evidence that the C/N ratios from 39.3 to 106.4 m were statistically different from each other. Therefore, the C/N ratios were similar from 39.3 to 106.4 m (i.e., for beds 3 to 8). The lower mean C/N ratio at the beginning of the original bed (i.e., before 25.9 m) indicates greater decomposition, which can be explained by the fact that this location was exposed to more frequent drying and wetting conditions than downstream locations. In other words, the original bed was a special case of a denitrification bed where its long length (i.e., 106.4 m) and its mean slope (0.43%) caused the original bed to become deeper along the length of the bed ( fig. 1) . Therefore, the deeper areas caused groundwater seepage into the original bed, and in turn, induced longer lasting saturated conditions.
Although the bed was plastic lined, water seeped into the bed due to plastic punctures and/or leakage of overlap location of two plastic sheets. The longer lasting saturated conditions caused less decomposition than the shallower parts at the beginning of the bed (i.e., before 25.9 m). Furthermore, from November 2010 to April 2013, there was no pump in the pipe at the outlet of the bed, so water rose to the ground level and flowed out of the bed outlet by gravity because the outlet end of the bed had a lower elevation than the inlet side. This is another reason that caused the downstream end of the bed to be saturated for longer durations than the beginning of the bed. Another reason could be that during operation, higher dissolved oxygen in drainage water at the beginning of the bed induced more biological activity, and in turn, caused greater decomposition.
CARBON QUALITY Lignin and cellulose concentrations
The mean lignin concentration of the four-year-old woodchips at each location along the length of the bed ranged from 26.9% ± 0.75 (at 79.6 m) to 31.0% ± 0.78 (at 0 m) (table 1). As the woodchips were identified as hardwood (i.e., White Elm, Cottonwood, and Red Oak), we expect that the initial lignin concentration ranged from 22% to 24% (Pettersen, 1984; Rowell, 2013; Tran and Chambers, 1986) .
Assuming the initial lignin concentration ranged from 22% to 24%, our results show that the lignin concentration of woodchips along the length of the bed was higher following the four-year period.
The mean cellulose concentration of four-year-old woodchips at each location along the length of the bed ranged from 23.9% ± 1.50 (at 0 m) to 31.5% ± 2.61 (at 93.0 m). Assuming the initial cellulose concentration of hardwood was 40% (Rowell, 2013) , the cellulose concentration of woodchips along the length of the bed has decreased over the four-year period. Feyereisen et al. (2016) and reported a cellulose concentration of 35.5% and 56% for fresh woodchips, respectively. As woodchips decompose over time, cellulose starts to breakdown, so the lignin concentration becomes a larger proportion of the total C in the woodchips.
Lignocellulose index
The mean lignocellulose index ( (table 1) . In other words, we found no evidence that the LCI from 25.9 to 106.4 m were statistically different from each other. Therefore, the LCI values were similar from 25.9 to 106.4 m (i.e., for beds 3 to 8).
In our study, assuming the LCI value for fresh hardwood was about 0.37 (23/(23+40)) (Rowell, 2013) , the greater LCI values ranging from 0.47 to 0.57 for our four-year-old woodchips show that the woodchips have become more recalcitrant over time. Feyereisen et al. (2016) also reported an increase in LCI from 0.45 to 0.47 for five-month-old woodchips (hardwood green ash) in laboratory column experiments at 15.5°C. reported an LCI value of 0.20 for fresh hardwood.
The higher lignin and lower cellulose concentrations at the inlet of the bed (at 0-m length) are reflected in a higher LCI (table 1) , which shows that the woodchip C was more recalcitrant near the inlet of the bed. Furthermore, the higher LCI at the inlet of the bed corresponds with the lower C/N ratio at that location ( fig. 3 ), revealing that decomposition was greatest near the inlet of the bed. As previously discussed, decomposition was greatest near the inlet because this location was exposed to more frequent drying and wetting conditions than downstream locations (for more explanation see section carbon to nitrogen ratio). Although we did not measure the C quality of the original woodchips used in our bed, we know that the woodchips along the length of the original bed had the same source, and in turn, they had similar C quality properties to begin with. Therefore, changes in lignin and cellulose concentrations along the length of the bed can be attributed to the processes that caused greater decomposition near the inlet of the bed. 
IMPLICATIONS FOR UPCOMING STUDIES
Nitrate removal rate has been reported to be dominantly dependent on C availability and temperature (Warneke et al., 2011) . Therefore, in terms of determining similarity among the retrofitted beds 1 to 8 ( fig. 1) , the C quality is of great importance. Given that C/N and LCI were significantly different for Bed 1 (i.e., 0-and 12.5-m locations and 0-m location for LCI) relative to the other beds, there is concern that legacy effects could alter the nitrate removal performance of this bed. The C/N of Bed 2 (i.e., 12.5-and 25.9-m location) is also significantly different from all other beds. Overall, beds 3 to 8 are most similar in terms of C quality and LCI, which likely means similar woodchip C availability for the future experiments.
CONCLUSIONS
Analysis of carbon to nitrogen (C/N) ratio and lignocellulose index (LCI) from a denitrification bed showed that the inlet of the bed encountered greater decomposition than other locations along the length of the bed. We also found a smaller mean d50 value at the inlet of the bed that was in agreement with greater decomposition near the inlet. Therefore, woodchips had similar particle size and C availability for nitrate removal from 25.9 to 106.4 m along the bed, revealing that beds 3 to 8 likely have similar woodchip C availability for future experiments.
When comparing our results to fresh woodchips reported in the literature, analysis of the four-yearold woodchips showed lower C/N and higher LCI, revealing that the woodchip Cs had become more recalcitrant over time. Overall, our results provide an insight into how woodchip age affects its C quality, which is important for the longevity of denitrification beds. However, longer term studies (i.e., beyond 10 years) are needed to gain a better understanding of this matter. Therefore, we recommend further investigation of the C properties of old woodchips over time, and how it relates to the nitrate removal performance of denitrification beds.
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